Mitochondrial biogenesis is controlled by signaling networks that relay information to and from the organelles. However, key mitochondrial factors that mediate such pathways and how they contribute to human disease are not understood fully. Here we demonstrate that the rRNA methyltransferase-related human mitochondrial transcription factors B1 and B2 are key downstream effectors of mitochondrial biogenesis that perform unique, yet cooperative functions. The primary function of h-mtTFB2 is mtDNA transcription and maintenance, which is independent of its rRNA methyltransferase activity, while that of h-mtTFB1 is mitochondrial 12S rRNA methylation needed for normal mitochondrial translation, metabolism and cell growth. Over-expression of h-mtTFB1 causes 12S rRNA hypermethylation, aberrant mitochondrial biogenesis and increased sorbitol-induced cell death. These phenotypes are recapitulated in cells harboring the pathogenic A1555G mtDNA mutation, implicating a deleterious rRNA methylation-dependent retrograde signal in maternally inherited deafness pathology and shedding significant insight into how h-mtTFB1 acts as a nuclear modifier of this disease.
INTRODUCTION
A fundamental question in eukaryotic cell biology is how the biogenesis of structurally and functionally distinct organelles is achieved and regulated. This requires establishment and maintenance of complex, organelle-specific macromolecular environments that impart separate functions to each compartment. In the case of mitochondria, this issue is complicated further by the presence of and strict requirement for mtDNA, which in humans encodes 13 essential protein components of the ATP-producing oxidative phosphorylation (OXPHOS) complexes. Therefore, mitochondrial biogenesis requires additional factors for expression and maintenance of the mitochondrial genome (1) . Furthermore, because the majority of the 1500 mitochondrial proteins are encoded by nuclear genes, mitochondria are an amalgam of proteins encoded by two genomes, the regulation of which must be intricately regulated.
Signaling pathways that control mitochondrial biogenesis and function in mammalian cells have begun to be elucidated. These include both anterograde and retrograde pathways that relay information to and from mitochondria, respectively (2) . One of the best-characterized anterograde pathways involves the PGC family of proteins, PGC-1a, PGC-1b and PRC (3, 4) . These are transcriptional co-activators for a number of nuclear DNA-binding transcription factors, including the nuclear respiratory factors (NRFs) that engage the promoters of many nuclear genes that encode mitochondrial proteins, including a subset of those required for mtDNA transcription and replication (1, 3, 5) . Thus, in collaboration with the NRFs, the PGC family of co-activators induce expression of nuclear-encoded factors required for mitochondrial function and mtDNA expression/replication in response to changing cellular needs or environmental stimuli. For example, PGC-1a was originally identified as a factor required for increased mitochondrial biogenesis during adaptive thermogenesis (6) and promotes exercise-induced mitochondrial biogenesis (7) . While the PGC pathway paradigm is now well established and often cited as the 'master' regulatory pathway for mitochondrial biogenesis, it is becoming clear that other pathways can act independently or in concert to regulate mitochondrial biogenesis and function (8) . For example, the cell cycle regulatory factors cyclin D1, E2F1 and c-Myc have been identified as modulators of mitochondrial biogenesis and activity (9) (10) (11) (12) (13) . In the case of cyclin D1, this involves phosphorylation and negative regulation of NRF-1 (13) . Thus, a reduction in cyclin D1 yields up-regulation of certain NRF-1 target genes and enhances mitochondrial function and biogenesis (12) .
While signaling pathways that regulate mitochondrial biogenesis and function are being elucidated at an unprecedented rate, key downstream mitochondrial factors that execute the actual mitochondrial changes in response to these pathways have received considerably less attention. However, the mitochondrial transcription machinery appears to be one class of mitochondrial proteins that is relevant in this regard. The core machinery required for human mitochondrial transcription has been elucidated and comprises a dedicated singlesubunit mitochondrial RNA polymerase, POLRMT, the high-mobility-group box protein h-mtTFA (or Tfam), and two transcriptional co-activators, h-mtTFB1 and h-mtTFB2, that stimulate transcription by POLRMT in conjunction with h-mtTFA (1, 14, 15) . The first of these to be identified was h-mtTFA, which is a DNA-binding protein required for efficient transcription initiation at mtDNA promoters (16, 17) . It was also one of the first mitochondrial genes in the nucleus shown to contain NRF sites and hence be subject to transactivation by these factors (18) . Given this property and its established roles in transcription, transcription-primed mtDNA replication and mtDNA packaging, h-mtTFA has been assumed to be a key regulatory target for mitochondrial biogenesis pathways such as those under control of the PGC family (3, 19, 20) . While h-mtTFA is a critical molecule for mtDNA expression and maintenance, is a bona fide NRF target, and certainly necessary for mitochondrial biogenesis, it is by no means sufficient and whether it is regulatory at all in this regard remains unclear (21, 22) . In contrast, h-mtTFB1 and h-mtTFB2, which are also NRF targets (23) , can induce increases in mitochondrial mass, activity and gene expression when over-expressed in HeLa cells (24) , properties consistent with a direct role in controlling mitochondrial biogenesis per se.
As already noted, mitochondria are unique in that they contain proteins derived from two genomes, the nuclear genome and mtDNA. This is perhaps most relevant with regard to the synthesis of the OXPHOS complexes, which comprise 13 mtDNA-encoded subunits around which 70 nucleus-encoded subunits assemble to form four of the five enzymatic complexes. This situation clearly dictates some form of communication between the nuclear and mitochondrial genomes to achieve proper regulation of such a complex system. Also noteworthy is the fact that the mtDNA-encoded OXPHOS subunits are translated by a dedicated set of mitochondrial ribosomes in the organelle matrix. Other than the OXPHOS complexes themselves, mitochondrial ribosomes are the only other entity in mitochondria derived from components encoded by both nuclear and mtDNA genomes. The two mitochondrial rRNAs (12S and 16S subunits) are mtDNA-encoded, whereas all the ribosomal proteins are encoded by nuclear genes and imported into the matrix where they associate with the rRNAs to form functional ribosomes. Given that ribosome assembly in bacteria and in the eukaryotic cytoplasm is an expensive and stringently regulated process (25, 26) , it stands to reason that mitochondrial ribosome assembly may likewise be a primary regulatory control point for mitochondrial biogenesis. Interestingly, the h-mtTFB1 and h-mtTFB2 transcription factors are homologous to the KsgA class of site-specific, rRNA N6-adenine-dimethyltransferases and both exhibit this activity on a heterologous bacterial rRNA substrate (27 -29) . In our previous study, in which we documented a role for these factors as regulators of mitochondrial biogenesis and gene expression, we could not distinguish the relative contribution of the transcription factor and putative 12S rRNA methyltransferase functions of these proteins. Therefore, that rRNA methylation and/or mitochondrial ribosome assembly was a key contributor to the mitochondrial biogenesis effects we were observing remained an intriguing possibility.
Disruptions in mitochondrial homeostasis and biogenesis are increasingly implicated in human disease and aging (30) . Inherited mitochondrial diseases caused by mutations in either mtDNA (maternally inherited) or nuclear genes that encode mitochondrial factors are now estimated to occur in 1/5000 live births (31) . The pathogenicity of dysfunctional mitochondria can involve a number of principle underlying mechanisms, including disruptions of energy metabolism, perturbed reactive oxygen species generation causing signaling defects or oxidative stress, and altered apoptotic responses and cell death pathways. Relevant to the current study is the deafness-associated A1555G point mutation in mtDNA that causes non-syndromic or antibiotic-induced deafness (32, 33) . This mutation occurs in the mitochondrial 12S rRNA gene and is postulated to cause a mild mitochondrial translation defect that can be exacerbated by aminoglycosides (34) . This presumably contributes to loss of cochlear hair cell function that may also involve irreversible hair cell death. However, the precise mitochondrial defects that cause the tissue-specific deafness pathology are currently unknown. Furthermore, the phenotypic expression of deafness in patients and of the mitochondrial translation-associated defects in patient-derived primary cells and cybrid cell lines is markedly dependent on nuclear modifying loci (35) . One such nuclear modifier is the TFB1M gene, encoding h-mtTFB1, polymorphisms near which are associated with a protective effect in A1555G pedigrees (36) . While the mechanism through which h-mtTFB1 acts as a nuclear modifier of this disease is currently unknown, the fact that the A1555G mutation occurs in the 3 0 -end of the 12S rRNA very near the conserved stem-loop that is its predicted methylation substrate (27, 28) , strongly suggests that the methylation of the 12S rRNA by h-mtTFB1 could be involved (37) .
RESULTS
rRNA methyltransferase activity is necessary for induction of mitochondrial biogenesis parameters by h-mtTFB1, but not h-mtTFB2
We demonstrated previously that individual over-expression of the human mitochondrial transcription factors/rRNA methyltransferases, h-mtTFB1 or h-mtTFB2, in HeLa cells results in unique influences on mitochondrial biogenesis, gene expression and activity (24) . Specifically, overexpression of h-mtTFB1 affects an increase in mitochondrial mass, indicating it regulates key aspects of mitochondrial biogenesis on its own, whereas increased expression of h-mtTFB2 not only increases mitochondrial mass but also results in increased mitochondrial membrane potential, mtDNA copy number, mtDNA-encoded transcripts and mitochondrial translation rates. However, because a retrograde signal to the nucleus leads to coordinate up-regulation of h-mtTFB1 expression in response to h-mtTFB2 over-expression (24) , the individual contributions of each of these factors to the observed changes in mitochondrial function in the latter case could not be assigned. Given that these two mitochondrial transcription factors also have rRNA methyltransferase activity (27, 28) , we determined the degree to which the abovementioned mitochondrial phenotypes are linked to this enzymatic activity by over-expressing methyltransferase-deficient, point-mutant versions of each: h-mtTFB1 (G65A) and h-mtTFB2 (G105A). We obtained HeLa cell lines that stably over-express each of these mutant proteins (Fig. 1A) . Analysis of these lines for changes in mitochondrial mass, membrane potential, mtDNA copy number and steady-state levels of mtDNA-encoded transcripts and proteins revealed that the h-mtTFB2-dependent increase in these parameters was not curtailed by loss of its rRNA methyltransferase activity (Fig. 1B and C and data not shown). That is, similar increases were observed in the wild-type and methyltransferasedeficient h-mtTFB2 over-expression lines. In contrast, overexpression of a methyltransferase-deficient h-mtTFB1 completely abrogated the increase in mitochondrial mass associated with over-expression of the wild-type protein (Fig. 1B) . Thus, the function of h-mtTFB1 in modulating mitochondrial biogenesis is completely dependent on its rRNA methyltransferase activity. We also note that the mutant h-mtTFB1 cell lines contained slightly higher levels of h-mtTFB2, but the steady-state levels of other known transcription components POLRMT, h-mtTFA and MRPL12 (38) remained minimally affected in all of the cell lines tested. Finally, the up-regulation of h-mtTFB1 due to h-mtTFB2 overexpression we reported previously (24) was still observed in the h-mtTFB2 methyltransferase-deficient cell lines (Fig. 1A , compare lane 1 to lanes 4 and 5) , leaving open the likely possibility that the increase in mitochondrial mass observed in cells that over-express h-mtTFB2 is h-mtTFB1-dependent.
To determine if the mitochondrial mass changes observed in the wild-type and mutant h-mtTFB1 over-expression lines correlated with the methylation status of the 12S rRNA, we performed methylation-sensitive primer extension assay as described previously (28) . As expected, we observed a significant increase in 12S methylation in the wild-type h-mtTFB1 over-expression lines, evidenced as the increased ratio of methylated/unmethylated species detected in the wild-type over-expression cell lines (Fig. 1D , compare lane 3 to lane 2) that was not observed in corresponding methyltransferasedeficient over-expression cell lines (Fig. 1D , compare lane 4 to lane 2). In contrast, no changes in the 12S rRNA methylation ratio were observed in any of the wild-type or methyltransferase-deficient h-mtTFB2 over-expression lines (Fig. 1D, lanes 5 and 6) , despite the fact that there is an increase in 12S rRNA levels in these cells (which was accounted for in these experiments by loading the same amount of total mitochondrial RNA in the assays). These data indicate that there is a functional linkage between 12S rRNA methylation by h-mtTFB1 and the regulation of mitochondrial mass.
Coordinate up-regulation of h-mtTFB1 is required for robust mitochondrial biogenesis and functional changes induced by h-mtTFB2
Having shown that elevated levels of h-mtTFB1 and its methyltransferase activity are correlated with increased mitochondrial mass (Fig. 1B) , we next tested the hypothesis that the increase in mitochondrial mass observed in h-mtTFB2 over-expression lines (Fig. 1B ) was due to the coordinated up-regulation of h-mtTFB1 (as opposed to h-mtTFB2 per se). To accomplish this we knocked down expression of h-mtTFB1 by shRNA in h-mtTFB2 over-expression lines. Transfection of a scrambled shRNA was also analyzed as an appropriate negative control. We were successful in knocking down h-mtTFB1 by 90% in the h-mtTFB2 overexpression line, in which the expression of h-mtTFB2 was unaffected ( Fig. 2A) . Analysis of these lines clearly demonstrates that up-regulation of h-mtTFB1 is indeed required for the increase in mitochondrial biogenesis in the h-mtTFB2 over-expression cell line, as evidenced by decreased levels of COX1 and VDAC in response to h-mtTFB1 knock-down compared with the tubulin loading control, as well as reduced Mitotracker Green staining (Fig. 2B) . However, the influence of h-mtTFB1 went beyond its effects on mitochondrial mass, as the increases in mitochondrial translation, oxygen consumption and cellular ATP associated with h-mtTFB2 over-expression were also eliminated when h-mtTFB1 was knocked down ( Fig. 2C and D). However, mtDNA copy number and the steady-state levels of mtDNA-encoded transcripts in h-mtTFB2 overexpression lines were largely unaffected by knock-down of h-mtTFB1 (Fig. 3) , indicating that these parameters are primarily under direct control of h-mtTFB2. These results demonstrate an intricate interplay between h-mtTFB1 and h-mtTFB2 to orchestrate mitochondrial biogenesis, gene expression and homeostasis.
Requirement for h-mtTFB1 in mitochondrial translation, 12S rRNA accumulation and normal cell proliferation
To gain additional insight into the function of h-mtTFB1, we also knocked down its expression by shRNA in normal HeLa cells (i.e. those that are not over-expressing h-mtTFB2) (Fig. 4A ). Stable depletion of h-mtTFB1 resulted in a severe reduction of cell growth rates (Fig. 4B ) that, interestingly, did not result from perturbation of any specific stage of the cell cycle (Supplementary Material, Fig. S1 ). There appeared to be no major cell death occurring, as evidenced by lack of floating cells or cellular debris (data not shown), and only a slight increase the amount of apoptotic cells (i.e. annexin Vþ, propidium iodideþ cells), the latter of which could not account for the major increase in doubling time observed (Supplementary Material, Fig. S1 ). Analysis of mitochondrial parameters in the h-mtTFB1 knock-down cell lines revealed a significant reduction in mitochondrial translation rates (Fig. 4C) , oxygen consumption and cellular ATP (Fig. 4D ), but no global changes in mitochondrial transcripts (Fig. 4E) , mass or mtDNA (data not shown). However, there was a reproducible decrease in the steady-state level of the 12S rRNA (the substrate for the h-mtTFB1 methyltransferase), suggesting that methylation by h-mtTFB1 is required to stabilize this RNA or that h-mtTFB1 is involved specifically in its transcription or processing (Fig. 4E ). Similar effects on 12S steady-state levels were also seen when h-mtTFB1 was knocked down in h-mtTFB2 over-expression lines (Fig. 3A) . Altogether, these results demonstrate that h-mtTFB1 is required for optimal cell growth due to positive roles in mitochondrial translation and ribosome biogenesis, OXPHOS activity and cellular ATP production. Shown is a western blot of mitochondrial extracts from HeLa cells that over-express wild-type (h-mtTFB1 and h-mtTFB2 #8) and methyltransferase-deficient forms (h-mtTFB1 G65A #6 and h-mtTFB2 G105A #2) of h-mtTFB1 and h-mtTFB2. Blots were probed for h-mtTFB1 and h-mtTFB2, other components of the mitochondrial transcription machinery (h-mtTFA, POLRMT and MRPL12) and a mitochondrial loading control (HSP60) as indicated. A cell line transformed with an empty-vector (vector) served as the negative control line to which all others were compared. (B) Mitotracker Green fluorescence (a measure of mitochondrial mass) values in the cell lines described in (A). Shown is the mean fluorescence, normalized to that observed in the vector control cell line, which was given a value of 1.0. (C) Northern blots of total RNA from the cell lines in (A) using the mitochondrial gene probes indicated to the right. Ethidium bromide staining of the 28S cytoplasmic rRNA (at the bottom) indicates similar loading in the lanes. (D) Results of methylation-specific primer extension analysis of mitochondrial 12S rRNA from the cell lines in (A). A primer anti-sense to the 3 0 -end of the 12S rRNA (diagrammed to the right) was end-labeled and incubated with total mitochondrial RNA. Extension from this primer by AMV reverse transcriptase is blocked at dimethylated adenines, resulting in shorter products (solid triangles). If no methylation is present, extension reads through the stem-loop region and produces longer products (indicated at the top). The position of the unextended primer is indicated by an open triangle. The ratio of truncated (methylated)/extended (read through) products indicates of the relative methylation status of 12S rRNA. In this and all remaining figures t-tests were performed where appropriate. The error bars indicate + 1 SD from the mean, and statistical significance is indicated as follows:
Ã P , 0.05, ÃÃ P , 0.005 and ÃÃÃ P , 0.0005.
12S rRNA hypermethylation induces aberrant mitochondrial biogenesis in cybrid cell lines harboring the mitochondrial deafness-associated A1555G mtDNA mutation
The A1555G mtDNA point mutation causes maternally inherited, non-syndromic deafness on its own or in response to aminoglycoside antibiotic exposure (39) . Penetrance of this mutation can be significantly influenced by nuclear genetic background and h-mtTFB1 has been identified as one potential nuclear modifier of this disease (36) . The A1555G mutation occurs very near the site for methylation by h-mtTFB1 in an evolutionarily conserved stem-loop at the extreme 3 0 -end of the 12S rRNA (40) . Therefore, we entertained the possibility that this mutation may alter the secondary or tertiary structure of this region of the mitochondrial ribosome so that methylation by h-mtTFB1 is affected. This would shed light onto how h-mtTFB1 might act a nuclear modifier of this mtDNA mutation. To address this, we performed primer extension analysis of the A1555G patient-derived cybrids to assess their 12S rRNA methylation status. There was a clear difference in 12S rRNA methylation status in the mutant cybrids compared with wild-type controls, with the A1555G mutation resulting a hypermethylation of the 12S rRNA. That is, wildtype cybrids had a 2:1 ratio of unmethylated/methylated 12S rRNA, whereas the A1555G cybrids have roughly equal amounts of methylated and unmethylated 12S rRNA (Fig. 5A ). Western blot analysis revealed similar amounts of h-mtTFB1 and slightly decreased amounts of h-mtTFB2 in the cybrid lines (Fig. 5B) , indicating that the increase in methylation was not due to increased expression of h-mtTFB1 or h-mtTFB2. The mutant cybrids also showed no significant change in h-mtTFA or POLRMT levels (data not shown). The fact that 12S rRNA methylation was increased in the A1555G cybrids, without an increase in h-mtTFB1 or h-mtTFB2, provided an opportunity to address the role of 12S rRNA methylation per se as a signal for mitochondrial biogenesis. Remarkably, as was the case with the h-mtTFB1 over-expression cell lines (which have increased rRNA methylation and biogenesis, Fig. 1B and D) , the A1555G cybrids had increased mitochondrial biogenesis as signified by increased levels of VDAC (compared to tubulin; Fig. 5B ) and Mitotracker Green staining (Fig. 5C) . As was the case for over-expression of h-mtTFB1, this increase in mitochondrial biogenesis was aberrant, as evidenced by the decrease of mtDNA-encoded COX1 and COX2 subunits (Fig. 5B) , despite there being more organelle mass. Altogether, these results point to 12S rRNA methylation by h-mtTFB1 as a novel retrograde signal for mitochondrial biogenesis and suggest that hypermethylation of the 12S rRNA resulting from the A1555G mutation may contribute to the pathogenicity of this mutation via disruption of this newly identified biogenesis signal.
Aberrant mitochondrial biogenesis due to 12S rRNA hypermethylation increases susceptibility to cell death
The results so far establish a normal homeostatic role for 12S rRNA methylation by h-mtTFB1, however, when this signal is initiated out of context (e.g. via the overexpression of h-mtTFB1 alone or by the A1555G mutation), we propose that a retrograde response is enacted that leads to uncoordinated mitochondrial biogenesis. One predicted outcome of such a scenario is that the susceptibility to cell death could be affected. To test this hypothesis, we determined the susceptibility of h-mtTFB1 over-expressing cells and cybrids harboring the A1555G deafness-associated mutation to cell death induced by osmotic stress (41) . This method of induction was chosen because it is linked to Jun N-terminal kinase (JNK) activation in tumor cells and JNK inhibition protects hair cells from cell death during aminoglycoside treatment and acoustic-trauma (42 -44) . Both the h-mtTFB1 overexpression cell line and the A1555G mutant cybrids exhibited significantly enhanced sorbitol-induced cell death compared with vector-only and wild-type cybrids (Fig. 5D ). Since both of these cell lines exhibit hypermethylation of the 12S rRNA (but for different reasons), these data strongly indicate that inappropriate activation of the proposed 12S methylationinduced retrograde signal induces uncoordinated mitochondrial biogenesis that, in turn, increases susceptibility to cell death in response to certain stresses.
DISCUSSION
In this study we focused our attention on deciphering the precise individual functions of two important and related mitochondrial regulatory proteins, h-mtTFB1 and h-mtTFB2, in mitochondrial biogenesis and homeostasis and exploring their potential linkage to the A1555G mtDNA mutation that causes maternally inherited deafness (36) . From our results, we draw four primary conclusions: (i) that h-mtTFB1 and h-mtTFB2 are key downstream regulators of mitochondrial biogenesis, gene expression and metabolism that have unique independent, but cooperative functions, (ii) that the primary functions of h-mtTFB1 are dependent on its rRNA methyltransferase activity, while those of h-mtTFB2 are not, (iii) that h-mtTFB1 is not only essential for 12S rRNA methylation, efficient mitochondrial translation and normal cell growth, but, when over-expressed, elicits a rRNA hypermethylation-dependent retrograde signal that induces an aberrant mitochondrial biogenesis response and (iv) that the A1555G mtDNA mutation, like h-mtTFB1 overexpression, causes 12S rRNA hypermethylation, induces a similar faulty retrograde mitochondrial biogenesis signal and predisposes cells to stress-induced cell death. We propose that these new molecular phenotypes are likely relevant to the deafness pathology of the A1555G mutation in hair cells. The rationale for these conclusions is discussed below.
We discovered previously that over-expression of h-mtTFB1 alone is capable of increasing mitochondrial mass in HeLa cells (24) . This occurs without a coordinate increase in mitochondrial DNA, transcripts or translation and, therefore, results in organelles with a depressed number of OXPHOS complexes and lower membrane potential per unit mass (i.e. an aberrant mitochondrial biogenesis response). In contrast, over-expression of h-mtTFB2 not only increases mitochondrial mass, but also mtDNA, transcription, translation and membrane potential (24) , which is more character- Figure 5 . Cells carrying the deafness-associated A1555G mtDNA mutation, like those that over-express h-mtTFB1, exhibit mitochondrial 12S hypermethylation, aberrant mitochondrial biogenesis, and increased susceptibility to cell death. (A) Shown are the results of methylation-sensitive 12S rRNA primer extension reaction from total RNA of wild-type and A1555G mutant cybrids, exactly as described in the legend to Figure 1 , except in this case read-through products ( Ã ) were terminating due the presence of ddGTP (to yield a product of known length for quantification purposes, see istic of a typical mitochondrial biogenesis profile. However, in that initial study, we were unable to dissect which phenotypes were due specifically to the transcription factor versus the putative rRNA methyltransferase functions of each. Furthermore, because h-mtTFB1 is coordinately up-regulated when h-mtTFB2 is over-expressed (24) , assigning specific phenotypes to over-expression of h-mtTFB2 alone was not possible.
Our results clearly demonstrate that the mitochondrial mass (Fig. 1B) and 12S rRNA methylation (Fig. 1D) increases imparted by h-mtTFB1 over-expression are completely dependent on its rRNA methyltransferase activity (24, 28) . In contrast, all of the typical increases in mitochondrial biogenesis and activity were observed when a methyltransferase-deficient form of h-mtTFB2 is over-expressed (Fig. 1B and C) . However, in this case, the increase in mitochondrial mass, translation, oxygen consumption and ATP production observed in the h-mtTFB2 over-expression lines is lost when h-mtTFB1 expression is knocked down by shRNA (Fig. 2) , while the increase in mtDNA copy number and transcript levels is not (Fig. 3) . Thus, h-mtTFB1 and h-mtTFB2 have specific roles in mitochondrial biogenesis, gene expression and function, but usually cooperate in order to coordinate all the intended changes in these mitochondrial parameters (Fig. 6A) . Conversely, it follows that expression of either alone would result in aberrant modulation of mitochondrial biogenesis and/or function. We also conclude that the primary function of h-mtTFB1 is the 12S rRNA methylation event we documented previously (24, 28) , which secondarily affects ribosome biogenesis and translation; whereas the primary function of h-mtTFB2 is to facilitate transcription and transcription-primed mtDNA replication (Fig. 6A) . These conclusions are consistent with those reached by Kaguni and colleagues in their studies of dm-mtTFB1 and dm-mtTFB2 in Drosophila Schneider cells (45, 46) , but our results link h-mtTFB1 to 12S rRNA methylation activity directly and to the subsequent regulation of mitochondrial mass. In addition, unlike what we observe here with the knock-down of h-mtTFB1 (Fig. 3B) , these investigators did not observe a major effect on cell growth upon knock-down of dm-mtTFB1, likely indicating salient functional differences between the human and fly factors. Finally, a recent knock-out study of mouse mtTFB1 (47) demonstrates that it is essential for mouse development and normal heart function because of a critical role in ribosome biogenesis, which is entirely consistent with our functional assignments for h-mtTFB1 and h-mtTFB2 documented herein and in our previous study (24) .
In addition to the cooperative role with h-mtTFB2 in the induction of mitochondrial biogenesis and activity described above, our results from knocking down h-mtTFB1 in isolation also demonstrate a critical homeostatic function for h-mtTFB1 in mitochondrial translation, OXPHOS activity and normal cell growth (Fig. 4) . Consistent with the results of knocking down h-mtTFB1 in the context of h-mtTFB2 over-expression (Fig. 3) , there was little effect on the steady-state levels of mitochondrial transcripts when h-mtTFB1 alone was depleted (Fig. 4E) . The one exception is the 12S rRNA transcript itself, which was reproducibly decreased in the h-mtTFB1 knockdown cells (Figs 3A and 4E ). Since this is the substrate for h-mtTFB1 and this methylation event is hypothesized to occur during the assembly of ribosomes in bacteria (48) , it stands to reason that the reduced 12S methylation in the face of h-mtTFB1 depletion results in instability of the 12S rRNA inherently or because it is not properly assembled into mitochondrial ribosomes. However, loss of a methyltransferaseindependent role for h-mtTFB1 in the transcription and/or processing of the 12S rRNA cannot be excluded outright from our results or from those of the recent mouse mtTFB1 knockout study as is claimed by Larsson and colleagues (47) . Regardless of the mechanism, the decreased levels of the 12S rRNA is expected to contribute substantially to the observed translation defect in the h-mtTFB1 depleted cells (Figs 2C and 4C) . Figure 6 . Models depicting the independent, yet coordinated roles of h-mtTFB1 and h-mtTFB2 in mitochondrial biogenesis and the proposed involvement of aberrant mitochondrial biogenesis due to 12S rRNA hypermethylation in the deafness-associated pathology of the A1555G mtDNA mutation. Based on the results of this study and published information, we propose (A) that h-mtTFB1 and h-mtTFB2 are key regulators of mitochondrial biogenesis, each with distinct, but normally coordinated functions (h-mtTFB1: 12S methylation, translation and mass regulation; h-mtTFB2: transcription and transcription-primed DNA replication). Thus, h-mtTFB1 and h-mtTFB2 are likely key downstream mediators of characterized mitochondrial biogenesis signaling pathways (e.g. those mediated by PGC-1 family of regulators, cyclin D1 and E2F1). As h-mtTFB1 and h-mtTFB2 are known targets of nuclear-respiratory factors (NRF-1 and NRF-2), signaling can go through these factors. However, we acknowledge the possibility of other mediators (?) or direct effects from these factors (arrow bypassing intermediaries), and likely also other biogenesis pathways, such as those mediated by the PGC family and NRFs (left). The arrow between h-mtTFB2 and h-mtTFB1 represents the retrograde signal we have identified that allows up-regulation of h-mtTFB1 in response to increased h-mtTFB2. Thus, in principle, both factors could be activated by pathways that initially only stimulate h-mtTFB2. In (B) we postulate that the A1555G mtDNA mutation results in hypermethylation the mitochondrial 12S rRNA (most likely due to change in the conformation of the substrate) that elicits a retrograde signal that increases mitochondrial mass without coordinately up-regulating mitochondrial gene expression and mtDNA replication (i.e. unscheduled/aberrant mitochondrial biogenesis). This, in turn, results in heightened susceptibility to stress-induced hair cell pathology and cell death that contributes to the increased incidence in irreversible deafness in patients with the A1555G mutation.
The strict dependence of the mitochondrial mass increase observed in the h-mtTFB1 and h-mtTFB2 over-expression lines on 12S methylation (i.e. h-mtTFB1 methyltransferase activity) strongly suggests that this event is a novel signal for some aspect of increased mitochondrial biogenesis. One prediction of this hypothesis is that conditions that lead to 12S hypermethylation in the absence of h-mtTFB1 overexpression would also result in increased mitochondrial biogenesis. Our analysis of cybrid cell lines harboring the deafness-associated A1555G mtDNA mutation fulfills this prediction (Fig. 5) . The increase in 12S methylation cannot be attributed to increased expression of h-mtTFB1 or h-mtTFB2 since western analysis reveals no change in h-mtTFB1 and a small reduction in h-mtTFB2 in these cells (Fig. 5B) . Therefore, the most likely explanation is that the A1555G mutation (which occurs very near the methylated positions 1583 and 1584 in the 12S rRNA) results in a conformational change in the ribosome that increases the accessibility of the adenines in the conserved stem-loop for h-mtTFB1 methylation. For example, the new base pair that occurs as a result of the A1555G mutation (in the stem of the nearby penultimate stem-loop) could allow the terminal substrate stem-loop to rotate more freely and hence be more readily accessible to h-mtTFB1. Independent of the exact mechanism of 12S hypermethylation, the inescapable conclusion is that increased adenine methylation at the conserved stem-loop of the mitochondrial 12S is part of a retrograde signal that elicits an increase in mitochondrial mass. However, as we will endeavor to explain below, this signal alone likely results in an aberrant up-regulation of mitochondrial biogenesis that has negative consequences.
Though we have identified 12S hypermethylation as a novel retrograde mitochondrial biogenesis signal, we can only speculate on how and why this event is monitored in this way. The amount or status of mitochondrial ribosome biogenesis is a logical process that a cell could use to simultaneously gauge the quality of nuclear and mitochondrial gene expression since, other than the OXPHOS complexes themselves, mitochondrial ribosomes are the only entity derived from products from both genomes (see Introduction). Mitochondrial ribosomes are also the largest and most energetically expensive complex of this type to be assembled in the organelle. Given that methylation of the 12S rRNA is thought to occur during the actual assembly of the small subunit based on studies in bacteria (48) , this may serve as a checkpoint for the rate of ribosome biogenesis. Furthermore, that mitochondrial ribosomes are membrane-associated may provide a mechanism to survey available mitochondrial membrane surface area, which is a parameter that could be 'sensed' in terms of the need for more overall mitochondrial mass. In such a scenario, more methylation could trigger a change in the ribosome/membrane ratio that triggers the need for increased mitochondrial biogenesis. Alternatively, it is also possible that it is the methylation status of the ribosomes per se that elicits a signal via the rate of synthesis of mtDNA-encoded subunits of the OXPHOS system. There are two adenines that are each potentially mono-or di-methylated by h-mtTFB1. It is possible that ribosomes that have different patterns of methylation have different activity or localization. The existence of such a 'code' may underlie why this methylation event is the most evolutionarily conserved rRNA post-translational modification known.
Finally, we propose that our results are relevant to the hair cell pathology caused by the deafness-associated A1555G mtDNA mutation. This mutation occurs near the 3 0 -end of the mitochondrial 12S rRNA and the primary defect postulated based on in vitro studies of patient-derived primary lymphoblasts and cybrids is a reduced mitochondrial translation. However, the severity of the translation defect in the absence of aminoglycosides antibiotics (which induces deafness in some patients with A1555G) is minimal (34, 39) if existent at all (49) in these cultured cell lines. While our results clearly demonstrate a decrease in the steady-state levels of mtDNA-encoded COXI and COX II in the A1555G cell line (Fig. 5C ), consistent with a translation and/or assembly defect, they also demonstrate for the first time that these cells have an increase in aberrant mitochondrial biogenesis. As already discussed, this phenotype is likely attributable to hypermethylation of the mitochondrial 12S rRNA causing a retrograde signal that promotes an aberrant mitochondrial biogenesis response (Fig. 6B) . Importantly, this scenario results in increased susceptibility to sorbitol-induced cell death (Fig. 5D) . Human hair cells are incapable of regenerating and, therefore, cell death is thought to be a major contributor to the irreversible hearing loss associated with the A1555G mutation and in stress-induced deafness in general. Thus, the increased susceptibility of the A1555G cybrids to cell death due to the signaling and mitochondrial biogenesis perturbations elucidated here may provide new molecular insight into why hair cells are more susceptible to cell death when harboring the A1555G mutation alone or in the presence of added stress (e.g. from exposure to aminoglycosides). We postulate that it is this mitochondrial biogenesis retrograde signaling defect elicited by 12S hypermethylation that is equally, or perhaps even more, relevant to the deafness phenotype than the previously proposed translation defect per se. Furthermore, the link we have established between the A1555G and 12S hypermethylation provides obvious mechanistic insight into how h-mtTFB1 (as the primary 12S rRNA methyltransferase) could act as a nuclear modifier of maternally inherited deafness as reported (36) . That is, mutations that reduce expression of h-mtTFB1 (or its activity) could provide a protective effect by returning the level of 12S methylation closer to normal.
In conclusion, this study has provided significant new molecular insight into the regulation of mitochondrial biogenesis and metabolism and how its deregulation can contribute to mitochondrial pathogenesis. A deeper understanding of how h-mtTFB1 and h-mtTFB2 regulate mitochondrial biogenesis, gene expression and function, as well as, the precise signaling pathways involved may provide new ways to target these factors/pathways in the treatment of human mitochondrial diseases and age-related pathology. Furthermore, identification of 12S hypermethylation, aberrant mitochondrial biogenesis and enhanced susceptibility to cell death as molecular phenotypes of the A1555G deafness-associated mtDNA mutation may likewise provide development of treatment or preventative measures for this form of hearing loss.
MATERIALS AND METHODS
Stable inhibition of h-mtTFB1 expression by retroviral-delivered shRNA Vectors for producing shRNA directed against h-mtTFB1 were constructed as follows. Sequences predicted to target h-mtTFB1 mRNA for degradation were obtained using Block-IT RNAi Designer for shRNA (Invitrogen). Accession number NM_016020.2 was input and pENTR/U6 and 'Sense-loop-antisense' options were selected. The top three highest ranked hits were selected. The CGAA loop sequence was added and the subsequent sequences were used to generate inserts for pSiren-RetroQ (Clonetech). 'Sense-loop-antisense' sequences obtained above were copied and linker sequences were added: To the top strand, GATCC was added to the 5 0 -end and TTTTTCTCGAGG to the 0 . Top and bottom strands were annealed and ligated with pSiren-RetroQ that had been digested with BamHI and EcoRI for TFB1M sequences or MluI for negative control sequences. The resulting vectors were sequenced to confirm the correct insert.
To generate the retrovirus carrying the shRNA sequences, HEK293T cells in 10 cm dishes were transfected with pVSVg, pCL-Eco, and the appropriate pSiren vector using Fugene 6. After 24 h, the transfection media was removed and replaced with 5 ml of OptiMEM. Every 24 h for 4 days, the media was collected, stored at 48C and replaced with fresh OptiMEM. After the last day, all media containing virus was pooled, sterilized with a 0.45 mm filter and concentrated to 3 ml using a Centricon-20 spin column (Millipore). Virus was aliquoted and stored at 2808C until needed. To infect cells with virus, growth media was replaced with fresh media containing 4 mg/ml polybrene. Negative control virus (500 ml) was diluted to 2 ml in OptiMEM and added directly to the plate. For h-mtTFB1 knock-down, 250 ml of each TFB1M shRNA virus was pooled and diluted to 2 ml with OptiMEM. This mixture was then added directly to each desired plate. Infected cells were allowed to grow for 24 h, after which media was removed and replaced with normal growth media plus 0.6 mg/ml puromycin. Cells were grown for an additional 48 h and then split 1:5 with continued puromycin selection. The resulting cells were tested for knock-down and used in experiments described below.
Cell culture, growth curves and cell cycle analysis HeLa cells were cultivated as described previously (24) . Cybrid cell lines were obtained as a kind gift from Min Guan and grown as described (35) . For growth curve experiments, 25 000 cells were plated into individual wells of 12-well plates. Every 24 h, cells were harvested by trypsinization, stained with trypan blue and viable cells were counted with a hemacytometer. For cell cycle analysis, cells were fixed with ethanol, stained with propidium iodide and a profile was obtained with a BD FACSCalibur. For measuring markers of cell death, cells were stained with the Annexin V-FITC Apoptosis detection kit II (BD Pharmigen) according to the manufacturer's recommendations. Stained cells were then analyzed with a BD FACSCalibur.
Mitochondrial translation assays
Labeling of mitochondrial translation products was performed essentially as described (24) . Empty-vector containing cells with h-mtTFB1 knock-down were plated at 15 000 cells/cm 2 due to their much slower growth rate. Only 25 mg of mitochondrial protein could be obtained from these cells, so all other samples were adjusted to match this amount when loaded on the linear gradient gel.
Oxygen consumption, ATP, mitochondrial mass and membrane potential measurements Oxygen consumption measurements were made using a YSI 5300A Oxygen Monitor with 5 Â 10 6 cells resuspended in 5 ml of DMEM þ 10% bovine growth serum and added to the sample chamber. Oxygen consumption was recorded for 10 min at 378C with stirring. Sodium azide was then added to 5 mM and oxygen consumption was measured for 5 min to determine the amount of mitochondrial oxygen consumption. ATP measurements were obtained from 1 Â 10 5 cells using the ATP Bioluminescence CLS II kit (Roche) according to the manufacturers recommendation and luminescence was measured using a plate reader. Measurements were compared to an ATP standard curve to determine ATP concentration in each sample. Measurement of mitochondrial mass and membrane potential was performed using Mitotracker Green staining as described previously (24) .
Immunoblot, northern and 12S methylation-sensitive primer extension analysis
Immunoblots and northern blots were performed as described previously (24) . Primers for generating double-stranded probes for COX1, COX3 and ATP6 were as follows: P by T4 polynucleotide kinase as described previously (28) . Total RNA (10 mg) or mitochondrial RNA (2 mg) were incubated with 200 fmol of labeled primer in 1Â AMV RT buffer (Roche) with either 1 mM dNTPs or 1 Â dNTP mix (1 mM dATP, dTTP, dCTP and 250 uM ddGTP) in a 25 ml reaction volume for 20 min at 558C. The tubes were allowed to cool to room temperature for 5 min then 10 ml of AMV RT mix was added (1 Â AMV RT buffer, 20 units AMV RT, 1 mM dNTPs of 1 Â dNTP mix) and samples were incubated at 428C for 30 min. After elongation had occurred an equal volume of formamide loading buffer was added to each sample and loaded on a 15% acrylamide:7 M urea sequencing gel. Samples were electrophoresed at 25 mA for 2.5 h. The gel was then placed on filter paper, dried and exposed to film.
Cell death assays
Cells were seeded at 5000 cells/cm 2 in 12-well dishes and grown for 72 h in DMEM with serum and additives. Osmotic shock and subsequent cell death were induced essentially as described (50) . Briefly, media was changed to RPMI with 10% fetal calf serum and 0.4 M sorbitol for 4 h to induce cell death. To assay for cell death, cells were rinsed with phosphate-buffered saline, dislodged with TryPLE and pelleted. Cell pellets were then resuspended and labeled with FITC-Annexin V and propidium iodide according to the manufacturer's instructions (BD Bioscience, Catalog #556547). Labeled cells were analyzed on a FACSCalibur, fluorescence data were acquired using Cell Quest and analyzed with FlowJo software. The amount of cell death was defined as the proportion of the total cell population that stained positive for both Annexin V and propidium iodide. The fold change in the percentage of cell death in each cell line due to sorbitol exposure is plotted in Figure 5D .
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